Idiopathic pulmonary fibrosis (IPF) is a progressive disease with an increased mortality. Metabolic reprogramming has a critical role in multiple chronic diseases. Lung macrophages expressing the mitochondrial calcium uniporter (MCU) have a critical role in fibrotic repair, but the contribution of MCU in macrophage metabolism is not known. Here, we show that MCU regulates peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and metabolic reprogramming to fatty acid oxidation (FAO) in macrophages. MCU regulated PGC-1α expression by increasing the phosphorylation of ATF-2 by the p38 MAPK in a redox-dependent manner. The expression and activation of PGC-1α via the p38 MAPK was regulated by MCU-mediated mitochondrial calcium uptake, which is linked to increased mitochondrial ROS (mtROS) production. Mice harboring a conditional expression of dominant-negative MCU in macrophages had a marked reduction in mtROS and FAO and were protected from pulmonary fibrosis. Moreover, IPF lung macrophages had evidence of increased MCU and mitochondrial calcium, increased phosphorylation of ATF2 and p38, as well as increased expression of PGC-1α. These observations suggest that macrophage MCU-mediated metabolic reprogramming contributes to fibrotic repair after lung injury.
Introduction
The prevalence of pulmonary fibrosis is increasing to nearly 80 per 100,000 annually, and the cost of care has had a significant upward trend [1, 2] . The disease is devastating with the average life expectancy of 3-5 years after diagnosis for certain forms of pulmonary fibrosis, such as idiopathic pulmonary fibrosis (IPF) [1, 3] . IPF, a progressive interstitial pneumonia, is the most common form of pulmonary fibrosis and is most commonly associated with aging [4] . In contast, other types of pulmonary fibrosis, such as that associated with collagen vascular disease, can occur at an early age. Although other types of pulmonary fibrosis can occasionally have the histologic feature of usual interstitial pneumonia (UIP) at end-stage, the presence of UIP on histology is required for the diagnosis of IPF, which appears as a "honeycomb" on radiographic images. The presence of UIP is associated with the rapid progression of the dysregulated fibrotic repair. Unlike other forms of pulmonary fibrosis, the etiology of IPF is poorly understood. The incidence and mortality from IPF is increasing worldwide, with an estimated 40,000 lives lost in the U.S. each year [1, 5] . The recently approved therapies for IPF reduce the rate of decline in lung function; however, neither drug is associated with improvements in quality of life or changes in survival [6, 7] .
The mitochondrial calcium uniporter (MCU) is a highly selective ion channel that transports calcium into the mitochondrial matrix to initiate multiple enzymatic processes. MCU is critical for cellular signaling, energy status, and survival. The physiological or pathological necessity of MCU in various organ functions or diseases is well-described. For example, MCU is necessary for heart rate acceleration, and inhibition of MCU reduced inappropriate heart rate increases without affecting resting heart rate [8] . MCU is also required in controlling mitochondrial calcium uptake in skeletal muscle to prevent muscle atrophy [9] . In early brain injury after subarachnoid hemorrhage, mitochondrial calcium concentration and oxidative stress was MCU-dependent, and inhibition of MCU abrogated oxidative stress and brain https://doi.org/10.1016/j.redox.2019.101307 Received 24 June 2019; Received in revised form 19 August 2019; Accepted 20 August 2019 injury after hemorrhage [10] . Moreover, MCU is required in the progression of triple-negative breast cancer by modulating mtROS production and HIF-1α expression, thereby enhancing glycolytic metabolism that is utilized by malignant cells [11] . These studies suggest that MCU and mitochondrial calcium uptake is a potential novel therapeutic target; however, the role of MCU and mitochondrial Ca 2+ in fibrosis, especially pulmonary fibrosis, is not fully understood.
Metabolic reprogramming is a hallmark in multiple diseases. Studies examining the relationship of MCU to metabolic reprogramming are limited. MCU expression is increased in adipose tissue of obese subjects and in insulin-resistant adipocytes [12] . This increased expression affects mitochondrial metabolism that is linked to obesity development by inducing a pro-inflamatory and an oxidative state. In contrast, the level of MCU expression is decreased in cardiac myocytes in response to hyperglycemia. The reduced expression diminished glycolysis and increased fatty acid oxidation (FAO) [13] . The loss of MCU does not alter basal metabolism; however, it impairs the ability of cells to respond to stress [14] , which typically occurs in disease states. For example, breast cancer cells do not rely on MCU for survival [15] , but MCU contributes significantly to cell growth and metastasis by enhancing mitochondrial bioenergetics [11] .
Here, we show that MCU-mediated metabolic reprogramming to FAO in lung macrophages was regulated by increasing mitochondrial ROS (mtROS) to induce transcriptional activation of PGC-1α by phosphorylation of ATF2 via the p38 MAPK. Moreover, expression of dominant-negative MCU in macrophages protected mice from fibrosis development via metabolic reversal to glycolysis.
Materials and methods

Human subjects
The Institutional Review Board of the University of Alabama at Birmingham approved the protocol of obtaining lung macrophages from normal and idiopathic pulmonary fibrosis (IPF) subjects. Normal participants had to meet the following criteria: 1) age between 30 and 75 years old; 2) no history of cardiopulmonarydisease or other chronic disease; 3) no prescription or non-prescription medication except oral contraceptives; 4) no recent or current evidence of infection; and 5) lifetime nonsmoker. The IPF subjects had to meet the following criteria: 1) forced vital capacity had to be at least 50% predicted; 2) current nonsmoker; 3) no recent or current evidence of infection; 4) evidence of restrictive physiology on pulmonary function tests; and 5) usual interstitial pneumonia on chest computed tomography scans. Fiberoptic bronchoscopy with bronchoalveolar lavage (BAL) was performed after subjects received local anesthesia. Three subsegments of the lung were lavaged with five 20-ml aliquots of normal saline, and the first aliquot in each was discarded. The percentage of lung macrophages was determined by Wright-Giemsa stain and varied from 90 to 98%.
Mice
Wild-type (WT) and DN-MCU-Lyz2-cre mice were littermates, and the genotype was confirmed using tail DNA. The DN-MCU-Lyz2-cre mice, which harbor overexpression of a dominant-negative form of MCU (DN-MCU) in lung macrophages, were generated by crossing DN-MCU fl/fl mice (a generous gift from Dr. Mark E. Anderson, Johns Hopkins University, Baltimore, MD, USA) with Lyz2-cre mice. Tgfb1 −/ − Lyz2-cre mice have been described previously [16] . Mice were 8-12week-old, and an equal number of male and female mice were chosen for exposures.
Reciprocal bone marrow chimeric mice were generated by irradiating recipient mice twice (separated by 4 h) with 450 rads from an Xray source. Immediately following the second dose of irradiation, the recipients were intravenously administered 1 × 10 7 total bone marrow cells from donor mice and allowed to reconstitute for at least 8 weeks prior to any experiment. Irradiated mice were maintained on medicated diet, Mod LabDiet® 5P00 with 0.025%Trimethoprim and 0.124% Sulfamethoxazol (TestDiet, St. Louis, MO), for 4 weeks after irradiation and returned to normal chow for the remaining time. Bleomycin was used to expose mice intratracheally (i.t) at a concentration of 1.75 U/ kilogram. All protocols were approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee.
Plasmids, small interfering RNAs, and transfections
pFIV-CMV-MCU WT and pFIV-CMV-MCU DN were generous gifts from Dr. Mark E. Anderson. pCDNA3.1-MCU WT was generated by ligating mouse MCU gene open reading frame (ORF) into pcDNA™3.1/V5-His TOPO vector (Invitrogen# K480001). The MCU ORF was amplified by PCR using cDNA template. pcDNA3.1-MCU DN was derived from pCDNA3.1-MCU WT by site-directed mutation of two sites (D260Q and E263Q) using Q5 Site-Directed Mutagenesis Kit (NEB# E0552S). pCDNA4-PGC-1α was purchased from Addgene (#10974). The pcDNA-MKK6(Glu) and pCMV-Flag-p38 DN plasmids have been previously described (a generous gift from Dr. Roger Davis, University of Massachusetts, Worcester, MA) [17, 18] . MCU shRNA plasmid was purchased from Sigma-Aldrich (SHCLNG-NM_001033259), and the corresponding empty vector pLKO.1 puro was attained from Addgene (8453). pcDNA3.1-catalase was generated by ligating human catalase gene ORF into pcDNA™3.1/V5-His TOPO vector (Invitrogen# K480001). Plasmids were transfected with X-treme Gene 9 Transfection Reagent (Roche# 06365809001), according to the manufacturer's manual. After 24 h, cells were subjected to either treatment of specific interest or collected for downstream purposes.
Mouse PGC-1α siRNA (CD.Ri.24068.13.9, Integrated DNA Technologies) and mouse Cpt1a siRNA (mm.Ri.Cpt1a.13.1, IDT) were transfected using DharmaFECT 4 (Dharmacon# T-2004), according to the manufacturer's protocol. Human Rieske siRNA [16] was transfected with DharmaFECT 2 (Dharmacon# T-2002). Co-transfections of siRNAs with a plasmid at the same time was performed using DharmaFECT Duo (Dharmacon# T-2010).
Mitochondrial membrane potential (ΔΨm) determination
Measurement of ΔΨm was performed with JC-1 (Invitrogen #T3168) staining according to the manufacturer's protocol. Cells were rinsed once in 1× DPBS and labelled with JC-1 (10 μg/ml) for 20 min at 37°C. Cells were then washed three times with warm HBSS with Ca 2+ / Mg 2+ and subjected to imaging. Both monomer (green) and aggregate (red) images were captured under confocal microscopy to reflect the changes in ΔΨm. To quantitate ΔΨm, equal amout of cells were labled with JC-1 probe as above indicated. Fluorescence was measured by using a SpectraMax M2 platereader (monomer: excitation at 514 nm and emission at 525 nm; aggregate: excitation at 585 nm and emission at 595 nm). Carbonyl cyanide m-chlorophenylhydrazone (CCCP, 3 μM) was used as a positive control.
Oxygen consumption rate (OCR) determination
OCR was determined by using a Seahorse XF96 bioanalyzer (Seahorse Bioscience). In brief, cells were placed in an XF96 cell culture microplate (Seahorse Bioscience) at 7 × 10 4 cells/well. The plate was subjected to OCR measurement in the bioanalyzer with sequential additions of oligomycin (final at 2 μM), carbonyl cyanide 3-chlorophenylhydrazone (CCCP, final at 1.5 μM) and rotenone (final at 1 μM). FAO was assayed in either MH-S cells or primary lung macrophages by measuring OCR in the Seahorse bioanalyzer with addition of the FAO substrate, palmitate-BSA (final of 167 μM palmitate in 28.3 μM BSA), or BSA control (final at 28.3 μM). MH-S cells were incubated overnight in substrate-limited medium before the OCR measurement the following day. Primary lung macrophages were incubated for at least 30 min in Representative micrograph of three individual subjects. Scale bars, 20 μm. (G) WT mice were exposed to saline or bleomycin (1.75U/kg). Lung macrophages were harvested by BAL at indicated time points (day 5, 10, 15 and 21). Whole cell lysate was prepared for the detection of MCU by immuoblot analysis. (H) Reciprocal bone marrow (BM) chimera was performed with WT and MCU ± mice. After 8 weeks mice were exposed to saline or bleomycin (1.75U/kg) for 21 days. Lungs were subjected to Sirius red staining. Represented micrographs from 6 mice per condition are shown. Scale bars, 200 μm at x5. (I) Lung collagen content was determined by hydroxyproline assay, n = 6. WT and DN-MCU-Lyz2-cre littermates were exposed to saline or bleomycin for 21 days. (J) Mitochondrial Ca 2+ in lung macrophages from mice was measured in freshly isolated mitochondria, n the substrate-limited medium to ensure sufficient adherence to the microplate. Cells were then placed in FAO assay medium, and palmitate:BSA or BSA control was added before measuring OCR.
IHC-P
Lung tissues of experimental mice or human subjects, fixed in 10% formalin and embeded in parrifin, were sectioned to 4 or 10 μm thickness. The tissue slides were deparaffinized by incubating at 60°C for 30 min and 2× wash in xylene for 5 min each. The tissue slides were rehydrated with a graded series of ethanol incubation (absolute, 95%, 90%, 80% and 70% in ddw; 3 min each grade). The tissues were subjected to antigen unmasking with 1 mM EDTA in ddw, pH 8.0 (subboiling temperature, 40 min). To quench the endogeneous peroxidase activity, tissue slides were washed 3× in ddw (3 min each) and incubated in 3% H 2 O 2 for 10 min, followed by 2× wash in ddw (5 min each) and 2× wash in TBST (5 min each). The slides were blocked at room temperature for 1 h with PBS containing 10% BSA and 10% normal goat serum.
To detect α-SMA by chromogenic staining, the slides were incubated with mouse anti-SMA (American Research products#03-61001) in the 5× diluted blocking solution (4°C, overnight). The slides were then washed and incubated with SignalStain Boost Detection Reagent (CellSignaling#8125) at room temperature for 30 min, followed by staining with the Signal Stain DAB substrate kit (CellSignaling#8059). The slides were then immersed in ddw to stop reaction, and subjected to counterstain with hematoxylin (Vector Labs#H-3404).
To detect MCU, F4/80, and SPC by immunofluorescent staining, tissue slides were incubated with mastermix of mouse anti-MCU (Sigma#AMAB91189) and rabbit anti-F4/80 (Thermo Fisher#PA5-32399) or mastermix of mouse anti-MCU (Sigma#AMAB91189) and rabbit anti-SPC (Millipore#AB3786). Secondary antibodies were mastermix of goat anti-mouse IgG-TRITC and goat anti-rabbit IgG-FITC. Slides were then counterstained with DAPI.
Cpt1a activity assay
The method quantitating the Cpt1a activity was modified based on previous publications [19] [20] [21] . The activity was detected spectrophotometrically by measuring the release of CoA-SH from palmitoyl-CoA at the absorbance of 412 nm using the general thiol reagent 5,5′dithio-bis-(2-nitrobenzoic acid) (DTNB). Briefly, equal amouts of cellular lysate of various groups was mixed with the DTNB reaction buffer (116 mM Tris, 2.5 mM EDTA, 2 mM DTNB and 0.2% Triton X-100, pH 8.0) and incubated at room temperature for 20 min to eliminate thiol groups. The resulting background absorbance was measured. To start the reaction, the substrates palmitoyl-CoA (final at 100 μM; stock prepared in ddw) and L-carnitine (final at 5 Mm; stock prepared in 1 M Tris, pH 8.0) were added to the reaction mixtures, and immediately subjected to kinetic reading for 1 h. The difference between absorbance readings with and without substrates determined the release of CoA-SH, and readouts were corrected for total protein.
Statistical analysis
All data were expressed as mean ± SEM. Normal distribution was analyzed to determine whether data met the assumptions of the statistical test. Statistical analyses were performed with either an unpaired student's t-test or one-way ANOVA with Tukey's post hoc test, with p < 0.05 considered significant.
All other methods, such as dual luciferase reporter assay, real-time quantitative PCR, mitochondrial and nuclei isolation, Ca 2+ quantification, reactive oxygen species (ROS) detection, hydroxyproline assay, fluorescence assay, ELISA, and ChIP, are described in detail in the supplementary file.
Results
MCU expression and mitochondrial Ca 2+ are increased in IPF lung macrophages
The primary function of MCU is the uptake of calcium into the mitochondrial matrix. Because MCU regulates the phenotype of macrophages and lung macrophages from IPF subjects have a profibrotic phenotype [16, 22] , we asked if MCU and Ca 2+ were increased in IPF. MCU gene expression in lung macrophages was significantly higher in IPF subjects compared to normal subjects ( Fig. 1A) . Likewise, MCU protein expression was four-fold higher in lung macrophage mitochondria from IPF subjects ( Fig. 1B and C) . The increased level of MCU correlated with a markedly higher content of Ca 2+ in the mitochondria of IPF lung macrophages ( Fig. 1D ).
To confirm that the increase of MCU was limited to lung macrophages, MCU expression was determined in lung tissue. IPF subjects had significantly higher level of MCU in lung macrophages/monocytes, as characterized by expression of F4/80, the major cell surface marker for macrophages ( Fig. 1E ). In contrast, IPF and normal subjects had a similar amount of MCU in Type II alveolar epithelial cells, as indicated by expression of surfactant protein C (SPC), the membrane marker of the surfactant-producing Type II cells ( Fig. 1F ). In vivo, lung macrophages from bleomycin-injured mice had a time-dependent increase of MCU expression ( Fig. 1G ). These observations suggest that macrophage MCU may have a critical role in the pathogenesis of pulmonary fibrosis.
To determine if macrophage MCU contributed to bleomycin-induced alveolar epithelial injury to initiate fibrosis development, we performed reciprocal bone marrow (BM) chimera using WT and MCU ± mice to focus on recruited macrophages from the bone marrow.
Recipients of WT BM had parenchymal collagen deposition, regardless of host genotype, whereas recipients of MCU ± BM had essentially normal lung architecture ( Fig. 1H ). These histological observations were confirmed biochemically by measuring the major component of collagen, hydroxyproline (Fig. 1I ). The predominant cells in bronchoalveolar lavage (BAL) fluid (> 95%) from both WT and MCU ± mice were monocytic, again, regardless of the recipient genotype ( Fig. S1A ), suggesting that recruited monocytes/macrophages are key to fibrosis development.
To provide more direct evidence of the importance of macrophage MCU in the pathogenesis of fibrosis, we generated mice harboring a conditional overexpression of DN-MCU in macrophages (DN-MCU-Lyz2cre). DN-MCU expression was detected in BAL cells by probing for the Myc tag ( Fig. S1B) ; however, DN-MCU was not expressed in Type II alveolar epithelial cells ( Fig. S1C ). Similar to MCU ± mice, monocytic cells were the predominant cell type in the BAL fluid from the DN-MCU-Lyz2-cre mice after bleomycin-induced injury (Fig. S1D ). Because the role of MCU is the transport of Ca 2+ into the mitochondrial matrix, we assessed if this occurred in vivo in the fibrosis model. Mitochondrial Ca 2+ was significantly increased in lung macrophages from bleomycininjured WT mice and was markedly reduced in DN-MCU-Lyz2-cre mice to a concentration lower than seen in WT saline controls ( Fig. 1J) . A previous study showed that macrophages exposed to chrysotile asbestos had a dramatic increase in cytosolic calcium levels [23] . We found that intracellular calcium was lower in macrophages expressing MCU WT , whereas intracellular calcium was significantly increased by MCU DN expression compared to the empty vector control (Figs. S1E and F). In aggregate, these data suggest that MCU specifically regulates calcium concentration to prevent cytosolic overload in macrophages.
The biological significance of the difference in mitochondrial Ca 2+ levels between the WT and DN-MCU-Lyz2-cre mice was evaluated. α-smooth muscle actin (α-SMA) is considered marker of the differentiation of myofibroblasts, which are the cells responsible for collagen deposition [24, 25] . The presence of α-SMA was significantly increased in the lung tissue of bleomycin-injured WT mice, whereas α-SMA expression in DN-MCU-Lyz2-cre mice was similar to saline-exposed WT WT and DN-MCU-Lyz2-cre littermates were exposed to saline or bleomycin (1.75U/kg) for 21 days. Lung macrophages were isolated by BAL and subjected to ChIP analysis of p-ATF2 bound to the PGC-1α promoter DNA by in the CRE domain with (Q) standard PCR or (R) quantitiative PCR, n = 6. All data are expressed as mean ± SEM. One-way ANOVA with Tukey's post hoc comparison. Two-tailed student's t-test (N and O). *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. See also Fig. S3 . mice ( Fig. 1K and L) . The DN-MCU-Lyz2-cre mice had normal lung architecture ( Fig. 1M) . Architectural distortion and collagen deposition were evident in the lungs from the bleomycin-injured WT mice, whereas the DN-MCU-Lyz2-cre mice maintained normal lungs without collagen deposition. These findings were validated by hydroxyproline assay (Fig. 1N ). Taken together, these observations suggest that the activity of MCU in lung macrophages is critical for the pathogenesis of pulmonary fibrosis.
Expression of FAO enzymes is regulated by MCU
Because MCU modulates the macrophage phenotype [22] , we asked if this regulation was, in part, due to metabolic reprogramming. We first determined if PGC-1α, which increases the enzymatic capacity for FAO, was increased in macrophages from IPF subjects. PGC-1α expression in the nucleus was three-fold higher in lung macrophages from IPF subjects compared to normal subjects ( Fig. 2A and B) . Likewise, there was a seven-fold higher level of PGC-1α gene expression in lung macrophages of IPF subjects (Fig. S2A ). Carnitine palmitoyltransferase 1A (CPT1A), the rate-limiting enzyme for FAO, was increased in lung macrophage mitochondria from IPF subjects ( Fig. 2C and D) . Conversely, PFKFB3, the key enzyme facilitating glycolysis, was significantly reduced in IPF lung macrophages when compared to normal subjects (Fig. S2B ). The observation of increased PGC-1α in IPF subjects was recapitulated in vivo, as bleomycin-induced injury triggered an increase in PGC-1α in lung macrophages at 10 days that was maintained through 21 days ( Fig. 2E) .
To determine if these enzymes were regulated by MCU during fibrotic repair, we analyzed their expression in vivo. Bleomycin-injured WT mice had more PGC-1α in the nucleus (Fig. 2F and G) and Cpt1a in mitochondria ( Fig. 2H and I) of lung macrophages than the mice exposed to saline. PGC-1α and Cpt1a expression in lung macrophages from DN-MCU-Lyz2-cre mice injured with bleomycin was less than the WT saline controls. The reverse was seen for glycolytic enzymes. The lung macrophages from bleomycin-injured WT mice had decreased PFKFB3, whereas the DN-MCU-Lyz2-cre mice had increased expression of this glycolytic enzyme ( Figs. S2C and D) . Moreover, bleomycin-induced injury triggered a rapid decrease of PFKFB3 protein levels that was maintained for 21 days in lung macrophages from WT mice (Fig.  S2E ). In aggregate, these data suggest that metabolic reprogramming to FAO is a key feature of lung macrophages during fibrotic repair.
The in vivo findings were validated genetically in vitro. Confocal microscopy analysis showed that MCU WT overexpression promoted PGC-1α localization in nuclei, whereas the dominant negative MCU (MCU DN ) significantly diminished PGC-1α nuclear content ( Fig. 2J and K). Similar findings were seen with Cpt1a expression in mitochondria ( Fig. 2L and M) . Silencing MCU with MCU shRNA decreased mitochondrial Cpt1a (Fig. S2F ), whereas PFKFB3 was increased by silencing MCU (Fig. S2G ) or by overexpression of MCU DN (Fig. S2H) .
To determine if mitochondrial Ca 2+ influx directly regulated expression of FAO enzymes in macrophages, cells were treated with BAPTA-AM to chelate available cytosolic Ca 2+ . Bleomycin exposure promoted PGC-1α localization in the nucleus and Cpt1a expression in mitochondria; however, chelation of Ca 2+ by BAPTA-AM decreased the abundance of nuclear PGC-1α and mitochondrial Cpt1a in cells with or without exposure to bleomycin (Figs. S2I and J).
As the key regulator of FAO, PGC-1α regulates Cpt1a expression [26] . To determine if PGC-1α regulated Cpt1a in a MCU-dependent manner in macrophages, we utilized two approaches. First, overexpression of MCU WT increased Cpt1a gene expression in cells transfected with scrambled siRNA, while silencing PGC-1α abolished Cpt1a mRNA levels in cells under all conditions (Fig. 2N) . Second, immunoblot analysis demonstrated that silencing PGC-1α decreased mitochondrial Cpt1a content in the presence or absence of bleomycin ( Fig. 2O and P) . These data suggest that the regulation of macrophage Cpt1a by MCU requires PGC-1α.
MCU-mediated p38 MAPK activation regulated PGC-1α expression at the transcriptional level
Based on our observation that MCU increased the abundance of nuclear PGC-1α, we investigated the mechanism of this regulation. First, we found that MCU regulated PGC-1α promoter activity, as MCU WT overexpression increased the promoter activity above the empty control, while MCU DN reduced activity below the empty control (Fig. 3A) . The molecular mechanism by which MCU regulates PGC-1α promoter activity is not known.
Because MCU induces mitochondrial ROS (mtROS) in multiple cell types [22, 27] , we evaluated if there was an oxidant-responsive transcriptional element in the PGC-1α promoter. A member of the AP-1 family, ATF2, is known to be induced by oxidative stress and binds to the PGC-1α promoter [28, 29] . Since the p38 MAPK activates ATF2 by phosphorylation [30] , we asked if MCU regulates PGC-1α by increasing p38 MAPK activation. We found that MCU WT increased ATF2 phosporylation, while MCU DN decreased phosphorylation below the empty control ( Fig. 3B and C) . The activation of p38 MAPK mirrored the phosphorylation of nuclear ATF2 (Fig. 3B, D) . The inhibitory effect of MCU DN on p38 MAPK activiation was confirmed by silencing MCU in macrophages (Fig. S3A, B and C). Macrophages treated with the p38 MAPK inhibitor, SB203580, significantly decreased the phosphorylation of ATF2 by abrogating the activation of p38, even with expression of constitutively active MKK6, the upstream kinase that activates p38 (Fig. 3E, F and G) . Furthermore, cells expressing MKK6, MCU WT , or both had increased p-ATF2; however, overexpression of dominant negative p38 (p38 DN ) decreased ATF2 phosphorylation with or without MCU WT overexpression ( Fig. 3H and I) . The changes in p38 MAPK activation facilitated the activity of the PGC-1α promoter (Fig. 3J ). Both MKK6 and MCU WT increased the promoter activity, while p38 DN significantly reduced the activity, even in cells expressing MCU WT .
To determine if the phosphorylation of ATF2 and p38 was due to Ca 2+ signaling, chelating Ca 2+ with BAPTA-AM significantly decreased the expression p-ATF2 and p-p38 in macrophages in the presence or absence of MCU WT (Fig. S3D, E and F) . These findings in vitro were recapitulated in vivo. Bleomycin-induced injury increased p-ATF2 and p-p38 in the nuclei of lung macrophages from WT mice, while phosphorylation of ATF2 and p38 in DN-MCU-Lyz2-cre mice was reduced similar to that seen the WT saline controls (Fig. 3K , L and M). Moreover, these obserations were biologically relevant as there was a significant increase in p-ATF2 ( Fig. 3N ) and p-p38 ( Fig. 3O ) in the nuclear extracts from IPF subjects compared to normal subjects.
Because p-ATF2 activates PGC-1α activity by directly binding to the cAMP response element (CRE) domain of the PGC-1α promoter (Fig. 3P) , we determined if this occurred in vivo. After immunoprecipitation and PCR amplification, the lung macrophages of bleomycin-injured WT mice showed significantly greater p-ATF2 binding to the PGC-1α promoter compared to the DN-MCU-Lyz2-cre mice, which was similar to the WT saline controls ( Fig. 3Q and R) . Taken together, these data suggest that MCU activates the p38 MAPK to increase PGC-1α expression.
MCU-mediated p38 MAPK activation and FAO enzymes expression were dependent on mitochondrial oxidative stress
Mitochondrial Ca 2+ is known to mediate mtROS production [22, 31, 32] . Since MCU-mediated Ca 2+ signaling was essential in modulating the p38 MAPK, we asked if the regulation of MCU on the p38 MAPK also required mtROS in macrophages. Overexpression of MCU WT increased production of H 2 O 2 (Fig. 4A ) and superoxide (Fig.  S4A ) in mitochondria. Silencing the iron-sulfur protein in complex III, Rieske, dramatically decreased the mtROS levels with or without MCU WT overexpression. The decrease in mtROS production by silencing Rieske completely attenuated activiation of the p38 MAPK, as well as the phosphorylation of ATF2 (Fig. 4B, Fig. S4B and C) . These data suggested the importance of mtROS in MCU-mediated p38 MAPK activation.
Prior studies suggest that cytosolic ROS was involved in activating p38 [33, 34] . To determine if there was a contribution of cytosolic ROS in addition to mtROS in the MCU-mediated p38 MAPK activation, macrophages expressing catalase, which is located in cytosol of cells ( Fig. S4D ), markedly decreased cytosolic H 2 O 2 levels (Fig. 4C) ; however, there was no effect on mtROS generation ( Fig. 4D and Fig. S4E ). Catalase abrogated phosphorylation of ATF2 and p38 in macrophages expressing the empty vector, whereas it had no impact on phosphorylation in the presence of MCU WT (Fig. 4E, Fig. S4F and G) . The observations suggest that MCU-mediated p38 MAPK activiation was dependent on mtROS rather than cytosolic ROS.
We have shown that macrophages during fibrosis become dysfunctional and have loss of membrane potential (ΔΨm) [16] . We found that overexpression of MCU WT resulted in loss of ΔΨm when compared to the empty vector control, while MCU DN had a higher ΔΨm than the empty vector ( Fig. 4F and G, Fig. S4H ). Treating cells with CCCP the day after transfection resulted in greater loss of ΔΨm in cells expressing MCU WT .
It is known that macrophage mitochondrial redox responses, which utilize oxidative phosphorylation, are crucial for pulmonary fibrosis development [16, 22, 35] . Because MCU induces mtROS, we asked if mtROS modified the enzymatic capacity for FAO. Lung macrophages from bleomycin-injured WT mice generated high levels of mitochondrial H 2 O 2 (Fig. 4H ) and superoxide (Fig. S4I) , whereas mtROS in the DN-MCU-Lyz2-cre mice were similar to the saline control mice. These results indicate that MCU is responsible, at least in part, for generation of mtROS in response to bleomycin injury. We questioned if MCU-mediated mtROS regulated expression of the enzymes necessary for FAO. MCU WT increased the gene expression of PGC-1α ( Fig. 4I) and Cpt1a (Fig. 4J) , whereas gene expression was below the empty control by silencing Rieske. MitoTEMPO was used as an alternative to abrogate mtROS. ROS was increased with MCU WT overexpression and was significantly decreased by MitoTEMPO (Fig.  S4J ). While MCU WT increased nuclear PGC-1α ( Fig. 4K and L) and mitochondrial Cpt1a content ( Fig. 4M and N) , both proteins were barely detectable with MitoTEMPO treatment. Collectively, the above findings suggest that MCU-mediated mtROS is required for the expression of PGC-1α and Cpt1a for metabolic reprogramming to FAO.
Because our data show that MCU-mediated PGC-1α expression required mtROS and studies indicate that PGC-1α suppresses mtROS [36, 37] , we asked if PGC-1α had an alternative function in lung macrophages in fibrosis. PGC-1α was increased with MCU WT and with PGC-1α overexpression (Fig. S4K) . MCU WT increased mtROS, and overexpression of PGC-1α increased mtROS to a similar level (Fig. S4L) . PGC-1α overexpression in macrophages expressing MCU WT had a further increase in mtROS indicating that PGC-1α does not attenuate MCUmediated mtROS.
Metabolic reprogramming to FAO is regulated by MCU
Based on our data showed the role of MCU in regulating FAO enzymes, we anticipated that MCU reprograms lung macrophages to FAO during fibrotic repair. We analyzed mitochondrial respiration by measuring oxygen consumtion rate (OCR) in the chimeric mouse model. Mice that received WT BM had a significant increase in OCR in lung macrophages in response to bleomycin injury ( Fig. 5A and B ). In contrast, mice that received MCU ± BM had a significant reduction of OCR to the level of the WT saline controls. More direct evidence that MCU regulates lung macrophage mitochondrial respiration was demonstrated with DN-MCU-Lyz2-cre mice. Lung macrophages from bleomycin-injured WT mice had a marked increase in mitochondrial respiration, whereas OCR in lung macrophages from DN-MCU-Lyz2-cre mice was less than the WT mice exposed to saline ( Fig. 5C and D) .
To directly demonstrate that FAO was responsible for the increase in OCR, we used palmitate as a substrate. Palmitate increased OCR in the saline controls to the level seen with bleomycin and BSA, while OCR was significantly augmented by the addition of palmitate in lung macrophages from bleomycin-injured WT mice (Fig. 5E ). OCR in the macrophages from DN-MCU-Lyz2-cre mice was below the BSA WT saline controls, and bleomycin and palmitate had no effect. Similar findings were seen in vitro. Overexpression of MCU WT increased OCR that was further enhanced by the addition of palmitate ( Fig. 5F and G) . OCR in cells expressing MCU DN was below the BSA control, and the addition of palmitate had no effect.
The role of MCU on glycolytic metabolism had the opposite effect. MCU WT reduced the extracellular acidification rate (ECAR), a measure of glycolysis, compared to empty vector, while cells expressing MCU DN had a significantly elevated ECAR compared to MCU WT (Fig. 5H) . To show the regulation of PGC-1α on macrophage FAO, cells were transfected with empty or MCU WT in combination with empty or PGC-1α. In cells expressing PGC-1α alone, FAO was increased to the level seen with MCU WT (Fig. 5I) . FAO was further elevated in macrophages expressing PGC-1α and MCU WT together.
Sustained mitochondrial Ca 2+ loading leads to NADH production, which is used by the electron transport chain to generate mitochondrial ATP [38] . Macrophages transfected with MCU WT reduced the ratio of NAD/NADH, whereas cells expressing MCU DN increased the ratio of NAD/NADH (Fig. S5A) . The utilization of FAO as an energy source provides more ATP than aerobic glycolysis [39] [40] [41] . We found that MCU WT , PGC-1α, and their combination not only increased FAO, but also resulted in a substantial increase in mitochondrial ATP production ( Fig. S5B ), suggesting an inherent relationship between FAO and bioenergetics. These data suggest that MCU is a crucial regulator for mitochondrial bioenergetics in lung macrophages.
The increase in FAO by MCU WT could be abrogated by etomoxir, the Cpt1a inhibitor (Fig. 5J) ; however, the trimeric structure of Cpt1a is required for its activity in forming the channel for the transport of fatty acids into mitochondria [42] . Cpt1a activity can be inhibited by the disruption of its trimeric structure by the allosteric inbhitior, malonyl-CoA. Overexpression of MCU WT increased Cpt1a activity, and MCU DN decreased the activity significantly below the empty control (Fig. 5K) . Treatment with malonyl-CoA significantly reduced the Cpt1a activity in the presence or absence of MCU WT (Fig. 5L ). Acetyl-CoA carboxylase 2 (ACC2) poses an inhibitory function on FAO by targeting Cpt1a via production of malonyl-CoA. Phosphorylation of ACC2 blocks its enzymatic capacity, which renders Cpt1a active [43, 44] . Macrophages expressing MCU WT had increased phosphorylation of ACC2 (p-ACC2) in mitochondria, whereas the MCU DN reduced p-ACC2 below the empty control ( Fig. 5M and N) . The regulation of p-ACC2 by MCU was further confirmed with MCU shRNA (Figs. S5C and D) . The importance of the trimeric structure of Cpt1a for FAO was confirmed as malonyl-CoA significantly decreased MCU-mediated FAO below the BSA empty control (Fig. 5O) .
To more directly illustrate the effect of mtROS on macrophage FAO, OCR was measured using palmitate as the substrate. FAO was significantly reduced by MitoTEMPO (Fig. S5E) . These data demonstrate that MCU is an essential regulator of metabolic reprogramming to FAO in macrophages.
Metabolic reprogramming and the macrophage phenotype are interdependent
To determine if the phenotype of recruited monocytes/macrophages was modulated by metabolic reprogramming, we generated reciprocal BM chimeras using WT and MCU ± mice. Bleomycin-injured recipients of WT BM had a dramatic increase in CD206 expression (mannose receptor), a profibrotic surface marker in macrophages, regardless of the host genotype ( Fig. 6A and B) . Similar observations were seen with MARCO (macrophage receptor with collagenous structure) expression, another profibrotic marker in macrophages ( Fig. 6A, C) . In contrast, recipients of the MCU ± BM exposed to saline or bleomycin were similar to the WT saline controls, again, regardless of the host genotype.
To evaluate MCU in a more specific manner, BAL fluid from bleomycin-injured WT mice had a significant increase in active TGF-β1 ( Fig. 6D ) and PDGF-B (Fig. 6E ), whereas concentrations of these factors were significantly reduced in DN-MCU-Lyz2-cre mice. The reverse was seen with antifibrotic markers. TNF-α was significantly decreased in BALF from bleomycin-injured WT mice, while it was markedly increased in the BALF from DN-MCU-Lyz2-cre mice (Fig. 6F) . The above data implicate that MCU-mediated metabolic reprogramming promotes the recruited monocyte/macrophages to polarize to an alternative, profibrotic phenotype after bleomycin injury.
We used a genetic approach to show the relevance of metabolic reprogramming to FAO in modulating the macrophage phenotype. Because TGF-β1 in BAL fluid is primarily derived from macrophages [16] , we determined the effect of PGC-1α on regulating TGF-β1 expression. Macrophages exposed to bleomycin had a 3-fold increase in TGF-β1 mRNA, whereas silencing PGC-1α reduced gene expression to control levels regardless of bleomycin exposure (Fig. 6G) . Active TGF-β1 in conditioned media was significantly attenuated by silencing Cpt1a (Fig. 6H) . In contrast, TNF-α gene expression and protein levels in BAL fluid were increased with silencing PGC-1α ( Fig. 6I) or Cpt1a ( Fig. 6J ), suggesting that inhibition of FAO induces macrophages to activate in a classical fashion.
To determine if MCU-mediated alternative activation of macrophages required FAO, Cpt1a was silenced in cells expressing MCU WT . Overexpression of MCU WT markedly increased CD206 five-fold compared to the empty control ( Fig. 6K and L) . Silencing Cpt1a decreased CD206 expression below the empty controls regardless of MCU WT overexpression. Similar observations were seen with expression of MARCO (Fig. 6K, M) .
Because our data indicate that the profibrotic phenotype was abrogated by silencing PGC-1α, we questioned if FAO was attenuated in mice harboring a deletion of TGF-β1 (Tgfb1 −/− Lyz2-cre) in macrophages ( Fig. 6N ). Lung macrophages from Tgfb1 −/− Lyz2-cre mice do not polarize to a profibrotic phenotype, and these mice are protected from pulmonary fibrosis after bleomycin injury [16] . PGC-1α was increased in lung macrophages from bleomycin-injured WT mice, whereas PGC-1α was absent in the macrophages from Tgfb1 −/− Lyz2cre mice (Fig. 6N and O) . Similar results were observed in PGC-1α gene Reciprocal bone marrow chimeric mice were exposed to saline or bleomycin. Lung macrophages from were harvested by BAL. (A) OCR kinetics and (B) Max OCR are shown, n = 3. (C) WT and DN-MCU-Lyz2-cre littermates were exposed to saline or bleomycin for 21 days. Lung macrophages were harvested for the determination of OCR, n = 3 or 5. (D) Max OCR, n = 3 or 5. (E) WT and DN-MCU-Lyz2-cre littermates were exposed to saline or bleomycin for 21 days. Lung macropages were harvested by BAL. FAO was determined by measuring OCR with palmitate as substrate. Results are shown as max OCR, n = 4. MH-S cells were transfected with empty, MCU WT (Fig. 6P) . These results indicate there is an interdependence between the profibrotic phenotype and FAO in lung macrophages during fibrosis. In aggregate, these observations strongly suggest that metabolic reprogramming to FAO in lung macrophages has a critical role in the pathogenesis of pulmonary fibrosis. Moreover, these observations indicate that MCU is a novel therapeutic target to halt fibrotic repair.
Discussion
Metabolic homeostasis is important for cells, tissues, and organs to maintain a normal physiological status. Metabolic reprogramming, however, is often associated with disease pathogenesis or progression. Metabolic reprogramming that entails FAO and oxidative phosphorylation is a key feature of macrophages during repair of injured tissue (caption on next page) L. Gu, et al.
Redox Biology 26 (2019) 101307 [39, 40] . The reprogramming in these macrophages is necessary to support long-term cellular activities, such as lung remodeling, as well as an increase in the apoptotic resistance that is seen in these cells [41, 45] .
In the current study, metabolic reprogramming shifted glycolysis to FAO in macrophages from bleomycin-injured mice. The rationale of investigating metabolic reprogramming in the pathogenesis of disease is to develop efficacious and potent therapeutic agents to halt fibrosis progression. Metabolic reprogramming has an important role in multiple diseases. For example, in cardiac hypertrophy and breast cancer, cells undergo metabolic reprogramming from FAO to aerobic glycolysis [46] [47] [48] . After chemotherapy breast cancer cells reprogram to FAO, which is associated with an increased recurrence; however, pharmacologic inhibition of FAO by etomoxir decreased bioenergetics to abrogate the extent of recurrence of breast cancer [49, 50] . Liver fibrosis can develop from the excess deposition of triglycerides in hepatocytes. This storage occurs due to a defect in FAO via impairment or inhibition of PPAR [51, 52] . In contrast to our data, metabolic reprogramming to FAO in tubular epithelial cells protects against kidney fibrosis in endstage renal disease [53] .
Studies indicate the role of MCU in metabolism is to regulate glycolysis. In hyperglycemia, MCU expression is reduced, which was associated with upregulated FAO, whereas overexpression of MCU reprogrammed cardiac myocytes to utilize glucose oxidation for energy [13] . In pancreatitic β-cells, the MCU-mediated increase in mitochondrial Ca 2+ was required for glucose-induced ATP production for insulin release [54] . Furthermore, MCU regulates the expression of HIF-1α, which mediates the Warburg effect, or aerobic glycolysis, in breast cancer cells and other cancers [11, 55] . Our observations in lung macrophages contrasts the experimental finding in cardiac myocytes, pancreatic β-cells, and cancer in that MCU decreased enzymes involved in glycolysis and increased proteins necessary for FAO. This may be due to differences in cell type or disease specificity.
The molecular basis of PGC-1α gene expression is dependent, in part, on specific transcription factors. PGC-1α expression in skeletal muscle during exercise is dependent on activation of ATF2, a transcription factor of the AP-1 family [29] . ATF2 activation requires phosphorylation by a serine/threonine-specific kinase, one of which is the p38 MAPK. MCU-mediated mtROS has not been linked to p38 or ATF2 previously. Although an inhibitor of p38 attenuates bleomycininduced fibrosis in mice [56] , the mechanism by which this occurs is not known. The p38 MAPK is critical for PGC-1α activation as it regulates expression transcriptionally, as our data demonstrates, and posttranslationally by phosphorylation at specific residues [57] . Although transcription factors other than ATF2 are likely necessary for PGC-1α expression, our observations suggest a unique role for MCU in lung macrophages by regulating metabolic reprogramming via activation of the p38 MAPK and phosphorylation of ATF2, which increases expression and activation of PGC-1α.
The association of ROS with metabolic reprogramming is somewhat controversial. ROS is known to increase PGC-1α gene expression [58] ; however, PGC-1α, a transcriptional proponent of oxidative phosphorylation, is a key regulator of mtROS production and mitochondrial function. Studies indicate that PGC-1α suppresses mtROS production by increasing expression of antioxidant enzymes [36, 37] , suggesting that inhibition of mtROS is necessary to promote FAO. In contrast, we found that PGC-1α does not attenuate MCU-mediated mtROS, which is a paradigm shift compared to other studies investigating PGC-1α-mediated metabolic reprogramming to FAO.
The effect of ROS on metabolic reprogramming has been linked to glucose levels. Specifically, ROS represses FAO when glucose levels are normal, while induction of FAO occurs in cells when glucose is low [59] . PGC-1α expression and activity is increased by ROS to mediate FAO in hepatitis C, but it is not clear if the ROS production is maintained in the infected cells [60] . Interestingly, the reverse also occurs in that FAO results in increased mtROS production in the kidney [61] . To our knowledge, there are no investigations regarding metabolic reprogramming in IPF lung macrophages, but mtROS production, which is dependent on mitochondrial Ca 2+ influx in macrophages, is known to have an important role in the pathogenesis of fibrosis [16, 62, 63] . Here, our observations show a critical relationship between mitochondrial Ca 2+ , mtROS, PGC-1α activity, and metabolic reprogramming to FAO that contributes to the pathogenesis of lung fibrosis.
The reliance on FAO by alternatively activated macrophages and aerobic glycolysis by classically activated macrophages is well-known [40] . Aerobic glycolysis provides macrophages with ATP and metabolites to perform functions over short time periods. In contrast, FAO and oxidative phosphorylation in alternatively activated macrophages affords them to be involved in long-term cellular activities and cellular permanence, as seen in prolonged wound healing [39, 41] . Moreover, the efficiency of FAO is more effective than glycolysis in meeting the bioenergetics required for their long-term roles. Inhibition of FAO and oxidative phosphorylation enhances the expression of glycolytic metabolites to induce classical activation. Our observations support this notion as inhibition of MCU increased PFKFB3 and ECAR, whereas MCU expression increased FAO in vitro and in vivo. A recent study showed that profibrotic macrophages utilized glycolytic metabolism [64] ; however, evaluation of glycolysis and FAO was done at 14 days after bleomycin, which may represent acute lung injury rather than fibrosis. In addition, fibrotic remodeling was not shown in that study, so it is unclear if the effect of glycolysis was associated with pro-inflammatory markers, which are present during acute lung injury. In contrast, our data indicate an interdependence in profibrotic polarization and FAO. Our prior data show that lung macrophages in pulmonary fibrosis display alternative activation [16, 22, 35, 62] , and our current observations reveal a distinctive role for MCU in metabolic reprogramming to FAO to promote progression of fibrotic repair.
In aggregate, this study demonstrated that MCU-mediated metabolic reprogramming to FAO in lung macrophages was regulated by increasing mtROS to induce transcriptional activation of PGC-1α via activation of the p38 MAPK. Moreover, expression of dominant-negative MCU in macrophages protected mice from fibrosis development via Fig. 6 . Metabolic reprogramming and macrophage phenotype are interdependent. (A) Lung macrophages from bone marrow chimeric mice were harvested to measure CD206 and MARCO by confocal analyses, scale bars, 20 μm. Statistical analyses of (B) CD206 and (C) MARCO were performed, n = 5. BAL fluid was harvested from WT and DN-MCU-Lyz2-cre mice for the determination of (D) active TGF-β1, n = 5, (E) PDGF-B, n = 5, and (F) TNF-α by ELISA, n = 5. (G) MH-S cells were transfected with scrambled or PGC-1α siRNA and exposed to bleomycin (0.0126 U/ml, 4 h). Total RNA was isolated for the quantitation of TGF-β1 mRNA by real-time quantitative PCR, n = 5. (H) MH-S cells were transfected with scrambled or Cpt1a siRNA and exposed to bleomycin (0.0126 U/ml, overnight). Conditioned media were collected for the detection of active TGF-β1 by ELISA, n = 6. (I) MH-S cells were transfected to with scrambled or PGC-1α siRNA. Cells were exposed to bleomycin (0.0126 U/ml, 4 h). Total RNA was isolated for the measurement of TNF-α mRNA by real-time PCR, n = 5. (J) MH-S cells were transfected with scrambled or Cpt1a siRNA. Cells were exposed to bleomycin (0.0126 U/ml, overnight). Conditioned media were collected for the measurement of TNF-α by ELISA, n = 6. (K) MH-S cells were co-transfected with empty or MCU WT in combination of scrambled or Cpt1a siRNA. Cells were then subjected fluorescent microscopy for CD206 and MARCO; scale bars, 20 μm; Statistical analyses for (L) CD206, n = 3 and (M) MARCO, n = 3. (N) WT and Tgfb1 −/− Lyz2-cre mice were exposed to saline or bleomycin (1.75U/kg) for 21 days. Lung macrophages were harvested by BAL for the detection of PGC-1α by immunoblot analysis. (O) Statistical analysis, n = 3. (P) Total RNA was isolated from lung macrophages of Tgfb1 −/− Lyz2-cre mice and WT mice for the measurement of PGC-1α gene expression level by qRT-PCR, n = 5. All data are expressed as mean ± SEM. Sali, Saline; Bleo, Bleomycin; DN-MCU, DN-MCU-Lyz2-cre. One-way ANOVA with Tukey's post hoc comparison. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. metabolic reversal to glycolysis. Moreover, this study indicates that there is an interdependence of MCU-mediated metabolic reprogramming to FAO and profibrotic polarization of lung macrophages. These observations suggest that MCU and mitochondrial Ca 2+ influx are novel therapeutic targets to halt pulmomary fibrosis.
